RNA-based gene duplication, known as retrocopy, plays important roles in gene origination and genome evolution. The genomes of many plants have been sequenced, offering an opportunity to annotate and mine the retrocopies in plant genomes. However, comprehensive and unified annotation of retrocopies in these plants is still lacking. In this study I constructed the PlantRGDB (Plant Retrocopied Gene DataBase), the first database of plant retrocopies, to provide a putatively complete centralized list of retrocopies in plant genomes. The database is freely accessible at http://probes. pw.usda.gov/plantrgdb or http://aegilops.wheat.ucdavis. edu/plantrgdb. It currently integrates 49 plant species and 38,997 retrocopies along with characterization information. PlantRGDB provides a user-friendly web interface for searching, browsing and downloading the retrocopies in the database. PlantRGDB also offers graphical viewer-integrated sequence information for displaying the structure of each retrocopy. The attributes of the retrocopies of each species are reported using a browse function. In addition, useful tools, such as an advanced search and BLAST, are available to search the database more conveniently. In conclusion, the database will provide a web platform for obtaining valuable insight into the generation of retrocopies and will supplement research on gene duplication and genome evolution in plants.
Introduction
Gene duplication can be defined as any duplication of a region of DNA that contains a gene and is a prominent feature of eukaryotic genomic architecture. Gene duplication usually occurs either via a DNA-or RNA-based process. RNA-based duplication produces retrocopies, which are genome segments that are reverse transcribed from intronless mRNA and are then inserted into new positions in the genome (Vanin 1984 (Vanin , 1985 . Retrocopies that have lost the ability to encode proteins due to the accumulation of multiple mutations are known as 'processed pseudogenes' (Mighell et al. 2000, Balakirev and Ayala 2003) . Thus, retrocopies have long been considered evolutionary dead ends and are always referred to as 'dead-on-arrival' ) or 'seeds of evolution' because they make a significant contribution to genome evolution (Brosius 1991) . However, an increasing number of studies have provided evidence that retrocopies can act as functional genes (retrogenes) by acquiring regulatory elements in various ways (Betran and Long 2003 , Bai et al. 2007 , Fablet et al. 2009 , Kaessmann 2010 . Furthermore, retrogenes often evolve functional roles in male germ lines (Betran et al. 2002 , Potrzebowski et al. 2008 and in certain diseases (Prendergast 2001 , Ciomborowska et al. 2013 . A few studies have demonstrated that retrogenes may also be functional in plants. Retrogenes are up-regulated and play a role in pollen development in Arabidopsis (Abdelsamad and Pecinka 2014) . Rice retrogenes have persisted longer than would be expected for nonfunctional elements and are under selection (Wang et al. 2006) .
The number of complete genomes has increased rapidly in the past 10 years because of high-throughput DNA sequencing technologies, providing an unprecedented opportunity to study retrocopies at the genome scale. Retrocopies have been identified in the genomes of Drosophila melanogaster (Schrider et al. 2011) , nematode (Zou et al. 2012) , human (Ohshima et al. 2003 , Zhang et al. 2003 , Vinckenbosch et al. 2006 , mammals (Pan and Zhang 2009, Carelli et al. 2016 ) and fish (Fu et al. 2010, Du and He 2015) . In plants, hundreds of retrocopies have been found in Arabidopsis (Zhang et al. 2005 , Benovoy and Drouin 2006 , Zhu et al. 2016 , rice (Wang et al. 2006 , Sakai et al. 2011 , Populus (Zhu et al. 2009 ) and green algae (Jakalski et al. 2016) via genome-wide analysis. These studies provide further support for the importance of retroposition in genome evolution (Zhang et al. 2014) .
To study retrocopies in genome-sequenced species, userfriendly and publicly available resources are necessary, but there are only four databases dedicated to retrocopies: HOPPSIGEN (Khelifi et al. 2005) , Pseudogene.org (Karro et al. 2007) , RCPedia (Navarro and Galante 2013) and RetrogeneDB (Kabza et al. 2014 focus on pseudogenes, RCPedia contains data for only six primate species, and RetrogeneDB is also limited to animal species. There is still a lack of publicly available and easy-to-use resources for studying the retrocopies of plant species. Here, I present the Plant Retrocopied Gene DataBase (PlantRGDB), an integrative, user-friendly database designed for studying the retrocopies of plants. I extracted retrocopies from 49 plant genomes and then generated databases with graphical data representation and an efficient information query system. PlantRGDB contains information about retrocopies that includes their genomic localization, parental genes, host genes, nonsynonymous substitution (Ka)/synonymous substitution (Ks) values, and expression. PlantRGDB is a well-organized, convenient graphical representation resource dedicated to the study of retrocopies in plant genomes. To my knowledge, this is the most complete retrocopy database providing information for plant species.
Database Content and Web Interface
PlantRGDB provides information regarding the occurrence, properties and genomic distribution of 38,997 retrocopies, generated from 1,964,121 annotated protein-coding transcripts from 49 sequenced plant genomes. The web interface of PlantRGDB was designed to include the following components: Search, Advanced Search, Retrocopy Information, Browse, BLAST, Download and Help.
Search and Advanced Search
The home page integrates the search function for users to access the data stored at PlantRGDB (Fig. 1) . It has a user-friendly entry point to search for each retrocopy. Users can retrieve any retrocopy by inputting a keyword. The search by keyword is not casesensitive but is sensitive to different spellings. There are four types of keywords: gene symbols, locus names, gene descriptions and coordinates in the genomic sequence. For each type, there is an example link below the text box. The user is required to select species from the drop-down menu or checkbox list. For each species in the list, a picture of the species will be shown when the mouse is placed over the text of the species name.
PlantRGDB also provides an Advanced Search that can be accessed from the top menu and allows users to specify a number of parameters for the query function, including (i) the choice of plant species, (ii) the ID of the retrocopy, parent gene or host gene, (iii) key words of the gene symbol and gene description, (iv) coordinates in the genomic sequence, (iii) the number of lost introns, identity, coverage and Ka/Ks, and (iv) the choice of tissue of the expressed retrocopy. In summary, the Advanced Search option allows users to perform any type of data retrieval from PlantRGDB.
Search Results and Retrocopy Information
Clicking on the Search button on the home page or Advanced Search page causes the results matching the query conditions to be shown. For example, after inputting 'ATPase, F0/V0 complex, subunit C protein' and choosing Solanum lycopersicum in the home page, Fig. 2 shows the search results, which are displayed in a table with one row per retrocopy. The number of total matches is shown in the upper left of the table. The data presented in the results include the retrocopy ID, species, genomic location, parent/host gene ID and description of the parent/host gene. Clicking on the parent/host gene ID will search the database to identify the total retrocopies generated by the parent gene or other retrocopies overlapping with the host gene.
The Retrocopy Information page opens when the retrocopy ID is clicked on the Search Results page. PlantRGDB provides detailed annotations for every putative retrocopy. The annotation information for individual retrocopies includes (i) basic information, (ii) visualization and (iii) sequences. For example, Fig. 3 shows the information on a retrocopy (Slycopersicum_v3_230) that has a parent gene (Solyc06g067880.2.1) belong to ATPase. In detail, the basic information consists of the retrocopy identifier, species, location, strand, number of lost introns, parent coverage and annotation of the parent and host genes (such as the gene ID, coordinates, strand, symbol and description) (Fig. 3A) . The parent/host gene IDs are hyperlinked to the Phytozome databases to access additional details. To allow users to easily understand the generation process for the retrocopy, I developed a viewer to show the gene structure of the parent and host genes. Depending on the annotations present in the database, the viewer can automatically recognize the gene structure of the parent and host genes. Exons (thick blue boxes), untranslated regions (UTRs; thin green boxes) and introns (thin grey boxes) are shown to present the gene architecture of the parent gene, mRNA and host gene (Fig. 3B) . The unfilled red boxes indicate the location of the retrocopy in the mRNA and genomic sequences. The text description is provided near the genes in the viewer. Fig. 3B shows that Solyc06g067880.2.1 lost three introns and generated a retrocopy with 557 bp; this retrocopy is located at chromosome 7 and contains an annotated gene (Solyc07g040850.1.1). Interestingly, Solyc06g067880.2.1 has another retrocopy (Slycopersicum_v3_229) also at chromosome 7 (Fig. 2) . Slycopersicum_v3_230 belong to ATPase, which provides evidence that the generation of a retrocopy can cause gene duplication in the genome. (Fig. 3B) . But Slycopersicum_v3_229, duplicated from same parent gene as Slycopersicum_v3_230, has no overlapping gene (Supplementary Fig. 1 ). This result suggests that a retrocopy can generate not only a new gene but also a nonprotein coding region during genome evolution (Baertsch et al. 2008) . In addition, the sequence and sequence alignment of the retrocopy and parent gene are shown on the page. In the genomic sequence, introns are marked in grey, exons in blue and UTRs in green. In the mRNA and alignment, the blue nucleotide is the last nucleotide in each exon (Fig. 3C) . With the graphical viewer mentioned above, the sequence viewer provides users easy access to a retrocopy generation simulator. Moreover, knowing the expression patterns of retrocopies in different developmental stages and tissues is essential to elucidate whether they have corresponding biological functions. In PlantRGDB, I analyzed RNA sequencing (RNA-seq) data to assess the temporal and spatial expression of retrocopies. When a retrocopy is found to be expressed, the expression data are visualized with a bar chart that allows users to view the expression changes across different tissues and developmental stages and under various conditions. Users can search retrocopies with expressed evidence using the advanced search function or browse all the expressed retrocopies on the Browse page.
Browse
The Browse option included in the web interface of PlantRGDB provides another choice for viewing the information in the database. On the Browse page, users can select their desired species from the drop-down menu and visualize the basic information on the retrocopies of a selected plant species. For each species, there is a page providing general information, including the number of retrocopies and number of expressed retrocopies. The average values of identity, coverage and Ka/Ks for retrocopies are also shown. To access the retrocopy characterization at the species level, a Venn diagram is displayed for the unique and common retrocopies among different categories, including those showing the following characteristics: overlap with host genes; Ka/Ks < 0.5 (indicative of purifying selection); evidence of expression; coverage >90%; and identity >90% (for high homology with the parental gene) (Fig. 4A) . Clicking on the retrocopy count for a specific overlap within the Venn diagram will bring up a new result page with a retrocopy list for the specific subset selected. Users can set the colors and Venn diagram display mode using a control panel. The distribution of retrocopy length is also provided as a histogram (Fig.  4B) . In addition, pie charts showing the identity, coverage and Ka/Ks percentages for retrocopies are provided (Fig. 4C-E) .
BLAST
The similarity sequence search function, which embeds a standard National Center for Biotechnology Information (NCBI) BLAST (release version 2.28), will assist users in retrieving homologous sequences of the retrocopies. Users can input the DNA sequence or protein sequence into a text box to search against all retrocopy sequences via blastn or tblastn. Users can also specify the E-value and low complexity parameters for BLAST to control search sensitivity. The BLAST results are displayed on another page in a pairwise format by default. Each sequence hit is hyperlinked to the Retrocopy Information page.
Download and Help
PlantRGDB data can be downloaded to perform a local analysis. On the Download page, users can download the retrocopy data in a table format for each species. Moreover, a detailed Help page was developed to introduce the user to the PlantRGDB interface, which is accessed from the top menu.
Conclusion
An increasing number of studies have indicated that retrocopies may play important roles in gene duplication and genome sequence evolution (Ewing et al. 2013 , Richardson et al. 2014 , Navarro and Galante 2015 . Hence, identification of retrocopies in the genome could establish a foundation for studying the roles retrocopies have played in the genomes of the sequenced plants. However, the lack of available databases restricts the progress of research on the molecular mechanisms of retrocopy generation and evolution. My main purpose in the development of PlantRGDB is to construct a comprehensive platform for the exploration of retrocopies in plants. PlantRGDB integrates various characterizations of retrocopies with graphical and sequence viewers to provide rich annotation information, which can be browsed and retrieved through user-friendly web interfaces. This database provides information on retrocopies, including the parent gene, host gene, Ka/Ks value, coverage and identity. The database also includes the expression characteristics of retrocopies, which were calculated and presented based on RNA-seq data. Moreover, a browser for each species is provided to facilitate investigation of the attributes of retrocopies at the species level. In the future, I will analyze newly sequenced plant genomes and perform additional RNA-seq experiments to expand the content of PlantRGDB. Furthermore, I plan to add new functions and integrate multiple data sources to enhance the PlantRGDB database. For example, little is known about retrocopy orthology across plant species, but one study addressing this topic in primates has been reported (Navarro and Galante 2015) . I will focus not only on retrocopy identification but also on orthology relationships and evolutionary history across species. In summary, I believe that this database can contribute to the study of retrocopies in plants and establishes a foundation for further comparative and evolutionary studies of RNA-based gene duplication in plant genomes.
Materials and Methods

Data collection
For the detection of retrocopies in plant genomes, all of the genomic data used in this study were retrieved from Phytozome 11.0 (Goodstein et al. 2012) . I extracted three types of files from raw data: assembled genome sequence files, transcript sequence files and gene annotation files. To evaluate retrocopy expression, I downloaded RNA-seq data from the NCBI sequence read archive (SRA) database (Leinonen et al. 2011 ). Supplementary Table 1 shows the transcriptome datasets used in PlantRGDB.
Retrocopy detection
Because retrocopies are generated from multiexonic genes, the detection of retrocopies relies on the identification of genomic intronless alignments from mature transcripts (mRNAs). My approach for retrocopy detection is similar to that used to identify retrocopies in primate genomes Galante 2013, 2015) . First, I aligned the transcript sequences obtained from the Phytozome database to the repeat-masked genome sequence using BLAST. I used the following parameters: -mask = lower; -tileSize = 12; -minIdentity = 75; -minScore = 100. Second, I considered the locus to be a retrocopy alignment with the following characteristics: minimum 75% sequence identity to the parental mRNA; alignment coverage of parental mRNA greater than 50% or length of genomic sequence at least 200 bp; and loss of at least two introns inferred from the alignment. After retrocopies in the genome were detected, the original multiexonic gene was defined as the parent gene. If the region of the retrocopy in the genomic sequence overlapped with an annotated gene, the gene was referred to as a host gene.
Ka/Ks estimation
To calculate Ka (nonsynonymous substitutions) and Ks (synonymous substitutions), the retrocopies were first aligned with their parental genes. Next, Ka and Ks substitution rates and Ka/Ks ratios were estimated with KaKs_calculator_2.0 (Wang et al. 2010 ) using the standard genetic code and the g-MYN method (Wang et al. 2009 ).
Expression analysis
To obtain expression information for retrocopies, I first extracted the fastq files from raw data using SRA-Toolkit (http://github.com/ncbi/sra-tools). Next, I retained only the reads for which at least 95% of bases exhibited a quality score of 20 or greater. These reads were mapped to the corresponding annotated genome sequences using TopHat-2.1.1 (Kim et al. 2013 ) with the -maxmultihits 1 setting, which searched for the distinct best hit for each read. Finally, I calculated expression values using Cufflinks-2.2.1 (Trapnell et al. 2012) and measured the values in fragments per kilobase of transcript per million fragments mapped (FPKM). Both programs were run with the default parameters.
Database implementation
PlantRGDB was implemented with MySQL 5.6 (http://www.mysql.org/) as the back end, configured on an Ubuntu Linux (14.04) with an Apache server 2.4.9 (http://www.apache.org/). PHP 5.5.9, JavaScript and HTML were used to develop the front-end user interface. The entire project is open access for any user and no login is required. The user-entered query is sent to a PHP script through an interactive form. The PHP script sends the queries to the MySQL database, then retrieves and displays the results with hyperlinks to additional information. Since new genomic sequences and expression data in plants will become available in the future, I will update the PlantRGDB database every half year with my semiautomatic retrocopy-finding pipeline.
